Abstract-The interface pressure is currently the only clinical tool to estimate the risk of sitting-related pressure ulcers. However, it provides little information on the loading condition in deep tissues. We present a comprehensive 3-D finite element (FE) model for human buttocks with the consideration of the joint configuration and realistic boundary conditions in a sitting posture. Sitting induced soft tissue deformation, internal pressure, and von-Mises stress were computed. The FE model was well validated qualitatively using actual displacement obtained from magnetic resonance imaging (MRI) images. FE analysis demonstrated that the deformation induced by sitting pressure was substantially different among muscle, fat, and skin. The deformation of the muscle varied with location and the maximum was seen in the regions underneath the bony prominence of ischial tuberosity. In these regions, the range of compressive pressure was 65-80 kPa, 50-60 kPa, and 55-65 kPa, for skin, fat, and muscle, respectively. The von-Mises stress distribution had a similar pattern. In conclusion, this study suggests a new methodology for the development and validation of FE models for investigating the risk of sitting-related soft tissue injury. The proposed model may provide researchers and therapists with a powerful technique for evaluating the effectiveness of various postural modulations in preventing deep tissue ulcers.
[1]- [3] , i.e., pressure ulcers, in areas such as the ischia and sacrum [4] [5] [6] . This calamity has a detrimental impact on the quality of life of the affected population and imposes a tremendous economic burden on health care.
It is accepted that the primary etiological factor of the pressure ulcers on the buttocks is prolonged concentrated sitting pressure [7] . A better understanding of the relationship between sitting pressure and tissue damage will assist in the development of treatment/prevention strategies for pressure ulcers. There is a need to establish the associations between the external mechanical loads exerted by sitting and the induced internal mechanical condition within the soft tissues in buttock area [8] [9] [10] . It is pointed out that the interface pressure measurements per se may be useful in clinical evaluation of sitting surfaces, but represents only a very small solution to the overall problem [11] and provides little information for the loading condition within deep tissues [12] , [13] . The differences in composition, structure, and metabolic rate predispose different tissues (skin, fat, and muscle) to various vulnerabilities to mechanical load induced breakdown [14] . Moreover, the complex anatomical geometries and the intrinsic differences in the mechanical properties of each tissue define the extremely complicated internal mechanical environment within the buttocks during sitting. Therefore, a tool which handles the analysis of mechanical environment in complicated structure would be of great help.
Finite element (FE) analysis, a powerful tool to investigate the mechanical environment within complicated geometries, allows examination of mechanical responses in deep tissues (e.g., fat or muscle) of the buttocks resulting from external sitting pressures. Several such FE models have been developed [9] , [11] , [13] , [15] [16] [17] [18] [19] . However, several intrinsic weaknesses are associated with these models. First, the geometry was overly simplified to simple geometrical objects [11] , [17] to approximate the complicated anatomical structure. Second, for those models which did have accurate geometry based on magnetic resonance imaging (MRI) recordings, the MRI measurements were performed in a supine posture, in stead of in a sitting posture [18] , [20] . The geometry obtained from recordings in supine differs from that of the sitting posture, because the joint configuration, soft tissue composition, and soft tissue strain conditions are intuitively different. Therefore, the applicability of such models in sitting-related research is questionable.
The objective of this investigation was, therefore, to develop and validate a comprehensive 3-D FE buttock model in a sitting posture to simulate and predict reliably how the skin, fat, and muscle in the buttock-thigh region mechanically respond to sitting pressure. 
II. MATERIAL AND METHODS

A. FE Model Development 1) Participant:
A healthy subject (male, 24 years, 165 cm, 70 kg) with no history of neuromuscular disorders was tested. Written informed consent was obtained following the guidelines of the Institutional Review Board of the performance site.
2) Posture and Loading Configurations: A custom built apparatus made of plastic foam and rubber was used to place the subject in a simulated sitting posture (Fig. 1) . Two loading conditions were used ("without sitting pressure" and "with sitting pressure") during the MRI recording. The sitting pressure was applied to the buttocks with an adjustable cushion placed under the buttock-thigh. The cushion was a sandwich structure consisting of two layers of stiff materials with a rectangular air bladder in between, while two belts tied the cushion tightly against the buttocks. Inflation and deflation of the air bladder provided different loading conditions, as shown in Fig. 1 . The magnitude of the applied sitting pressure for the "with sitting pressure" configuration was selected from an actual average interface pressure under buttock ( mm Hg, KPa) measured with a pressure mapping system, X2 (Xsensor Technology, Calgary, AB, Canada) for this subject in an upright sitting posture. MRI images obtained from "without sitting pressure" were used for development of the geometry of the FE model and those from "with sitting pressure" were used for validation of the FE analysis.
3) MRI Imaging: MRI images of buttock-thigh were obtained ( Fig. 1) for the above two loading conditions in one simulated sitting posture (80 flexion for hip and 90 flexion for knee). The MRI parameters were 1.5 T, 576 576 matrix, 35 35 cm DFOV, 0.6 mm interslice thickness.
4) Model Construction:
An FE model was created based on the 3-D reconstruction of the buttock-thigh structure obtained from MRI images under the "without sitting pressure" configuration (Fig. 2) . Contours of the femur, pelvis, skin, fat, and five muscle groups were identified and digitized from MRI images The final FE model consisted of 453 502 four-node tetrahedral solid elements for the pelvis, femur, inner side of the skin, fat and five muscle groups, and 33 924 three-node triangle membrane elements for the outer side of the skin (Fig. 2) .
5) Material Model:
Since pressure sores develop after prolonged loading with large deformation of the soft-tissue, static equilibrium equations with large deformation were assumed in the material model in this FE model. The elastic Moony-Rivlin model [9] (first-order polynomial model), which can account for large deformation behaviors of materials, was employed for skin, fat, and muscle. The model was based on the following strain energy function (1):
is the strain energy per unit of reference volume; is the total volume ratio;
, and are temperature-dependent material parameters; and are the first and second deviatoric strain invariants defined as following (2) and (3): (2) The deviatoric stretches . Here, are the principal stretches.
The material parameters for skin, fat, and muscle were determined based on values obtained from literatures [9] , [11] . For all soft-tissues, was determined based on the method reported by Dabnichki et al., [9] with an assumption that the materials were nearly incompressible (Poisson ratio ). 6) Boundary and General Loading Conditions: Three different boundary conditions (BC) were employed [ Fig. 3(a) ]. The femur and the pelvis were assumed as rigid bodies and constrained to obviate rigid body motion (BC1). The medial plane was constrained against the medial-lateral motions because of the symmetric condition of the buttocks (BC2). Also for BC2 was that the upper plane was constrained from the anterior-posterior movement. The ends of tissues that connect to the rest of the body (distal end to the thigh, proximal end to lumbar region) were constrained against longitudinal motions (BC3).
When the load from the sitting was considered as the specific loading applied as the input to the FE model, 2 general loading conditions (GLC) were also employed [ Fig. 3(b) ] for simulation of the "with sitting pressure" configuration. 1) A "skin initial strain" was applied into the skin layer of the FE model (GLC1) (Fig. 3) . The "skin initial strain" was defined as the strain of the buttock skin when the subject moved from a standing posture to an upright sitting posture. The buttock skin initial strain in 80 hip and 90 knee flexion was measured by images of an array of dots painted on the buttock skin (Fig. 4) . Green strain [21] was calculated for an area of 15 mm as % and % for the axial and transverse directions, respectively. 2) A "muscle tone", which was 1% of maximal muscle Fig. 4 . Measurement of the buttock skin initial tensile strain induced by a sitting posture relative to a standing posture. Measurement was performed on the subject in the same hip and knee joint configuration as that in the sitting posture used to record MRI images, i.e., 80 hip flexion and 90 knee flexion. Buttock skin initial strain was measured by images of an array of dots painted on the buttock skin. Green strain [21] was calculated for an area of 15 2 15 mm .
force estimated from physiological cross-sectional area (PCSA), was applied along the line of action of each muscle. In the above equation, is the maximal muscle tension [22] (GLC2).
B. FE Model Solution
For the above established FE model, a sitting area was precisely identified from the corresponding MRI images. Then the measured buttock contact pressure (152.60 mmHg, 20.34 kPa) during the MRI recording in "with sitting pressure" condition was applied onto this sitting area of the FE model. A uniform contact pressure of 152.60 mmHg was used in solving the FE model. This was because a constant pressure was actually applied to the buttocks when the "with sitting pressure" MRI images were taken. Therefore, to be consistent with the loaded condition shown in MRI images, the FE model should be fed with the same input load to be able to perform the comparison in the validation process. The FE model was solved using ABAQUS software (ABAQUS 6.5, ABAQUS, Inc., Providence, RI).
C. FE Model Validation
Upon solved, the FE model was validated quantitatively via comparison of the output of the FE simulation with measurements from the MRI images. Two comparisons were performed: 1) the sitting induced gross displacement of soft tissues; 2) the sitting induced position shift of the muscle underneath the ischial tuberosity (Group1).
1) Sitting Induced Gross Displacement of Soft Tissues Computed by FE Analysis and That Measured From MRI Images:
It was assumed that the bony structure remained the same when loaded. A Cartesian coordinate system was defined based on the femur-pelvis bony structure. This coordinate system took the center of the femoral head as its origin. The X axis was pointing to the distal along the femoral shaft. The Y and Z axes were pointing to the medial and the superior, respectively (Fig. 5) . Thirty regions of interest (ROIs) were identified over the skin of the sitting area (Fig. 5) . For measurement on MRI images, the morphological alteration of buttock soft tissues induced by sitting pressure of KPa was identified for these ROIs by comparing MRI images obtained in loaded condition to the matching image from unloaded condition. On each image, vectors pointing from the origin of the coordinate system to the specific locations on the skin were constructed to compute the gross Fig. 5 . Cartesian coordinate system used in the study. Origin of the coordinate system was at the center of the femoral head. The X axis was along the femoral shaft pointing to the distal. Y and Z axes were pointing to the medial and the superior, respectively. Thirty ROIs were identified over the skin of the sitting area. The buttock-thigh area was divided into four regions, the DM, DL, PM, and PL regions.
displacement. In order to compare the differences in different portions of the buttock, four regions, the distal-medial (DM), distal-lateral (DL), proximal-medial (PM), and proximal-lateral (PL) regions, were defined (Fig. 5) .
The same coordinate system mentioned above was established for the FE model. The 30 ROIs were also identified for the FE model for both the "without sitting pressure" and "with sitting pressure" configurations. The sitting induced changes of the coordinates of the FE nodes in these ROIs were taken as the FE predicted gross displacement. These displacements were then compared with the measurements from MRI images.
2) Position Shift of the Muscle Group1 Beneath the Ischial Tuberosity: In the sitting condition, it is apparent that the tissue underneath the ischial tuberosity is loaded more than tissues at other locations. Therefore, the muscle here may be pushed away from its original position. This shift of position of muscle Group1 can be used as a validation parameter. A small area right beneath the ischial tuberosity was selected to calculate the shift of the muscle Group1 induced by sitting load of 20.34 kPa (Fig. 6 ). Taking the tip of the ischial tuberosity as the center, this area covered mm in the proximal-distal direction and mm in the medial-lateral direction (Fig. 6 ). For this volume, in the medial-lateral direction, 12 sagittal slices were taken for the FE/MRI models. On each of these sagittal slices, 11 lines in anterior-posterior direction were defined with a distance of 3 mm between neighboring lines. Therefore, altogether 132 anterior-posterior lines were determined in this volume. For MRI model, the proximal-distal shift of this volume under sitting load was measured as the average proximal-distal shift of these 132 lines. For the FE model, the proximal-distal shift of this volume was obtained by identifying the changes of the coordinates of the FE nodes within this volume.
D. FE Model Application-Predicting Soft Tissue Deformation and Internal Stress 1) Predicting Deformation (Compressive Strain) of the Soft
Tissues by FE Analysis: This prediction was performed for a sagittal piece of the entire buttock-thigh. This sagittal piece had a thickness of 12 mm with its medial-lateral center at the tip of the ischial tuberosity. In this sagittal piece, the gross deformation of each layer was calculated using the changes in the coordinates of the FE nodes, 42 nodes per layer, in anterior-posterior direction when the buttock-thigh was loaded by 20.34 kPa.
2) Calculation of Internal Pressure Distribution and VonMises Stress Within Soft Tissues by FE Analysis:
The pressure and von-Mises stress distribution were calculated for the muscle, fat, and skin for the entire buttock-thigh, particularly in the area below the bony prominence (i.e., ischial tuberosity). Although it still is uncertain what mechanical parameters are the most relevant to tissue damage [11] , evidences supported that living cells are more vulnerable to deformation than to a high hydrostatic pressure [12] . Therefore, the von-Mises stress, which is related to the deformational energy stored in the material [11] , [13] , [18] , was analyzed to identify the risk of possible tissue damage by sitting load.
E. Statistical Analysis
A linear model ANOVA was used with the dependent variable as the regions (PM, PL, DL, and DM) on the buttock-thigh area to identify significant differences among the gross displacement results obtained from either MRI images or FE analysis. A paired t-test was used to identify significant differences between the results obtained from MRI images and those from FE analysis. Statistical analysis was performed with SAS software (SAS 9.3, SAS Institute, Gary, NC). The significance level was set up as 0.05. Fig. 7(a) gives the actual anterior-posterior gross displacement measured from MRI images ( mm) for the 30 ROIs. ANOVA analysis detected a significant "region" effect on the anterior-posterior displacement. The largest values were seen in the PM region of the buttock covering the ischial tuberosity ( mm, ).
III. RESULTS
A. Soft Tissue Gross Displacement Induced by Sitting 1) From MRI Images:
2) From FE Model Prediction and Comparison With Those
From MRI: Fig. 7(b) gives the gross displacement in the anterior-posterior direction predicted from the FE analysis ( mm) for the 30 ROIs. ANOVA analysis detected a significant "region" effect and the largest displacements were seen also in the PM region ( mm, ) of the buttock covering the ischial tuberosity. The displacement pattern in the posterior-anterior direction was compared with that measured from MRI images [ Fig. 7(a)] .
The difference between the anterior-posterior displacement obtained from MRI and the FE model was mm over the 30 ROIs . The difference between the actual and the computed displacement is shown in Fig. 7(c) .
The displacement predicted by the FE model in medial-lateral direction was found significantly different among the four regions . Among them, the medial-lateral displacement of the PM region ( mm) was significantly smaller than that from the lateral regions of the buttock-thigh, i.e., the DL ( mm) and PL ( mm). Similarly, this displacement of soft tissues in DM region ( mm) was also significantly smaller than that in the two lateral regions.
B. Position Shift of the Muscle Group1 Induced by Sitting
From MRI images, muscle Group1 was found shifted significantly toward the proximal ( mm, when compared to zeros) and the anterior ( mm, when compared to zeros) directions when loaded with sitting pressure of 20.34 kPa. The corresponding shift of the muscle Group1 predicted by FE analysis was mm and mm in the proximal and anterior directions, respectively, also with statistical significance when compared with zeros .
C. Deformation (Compressive Strain) of Skin, Fat and Muscle Within the Selected Sagittal Piece of the Buttock-Thigh
The output of the FE analysis showed that the deformation induced by sitting pressure of 20.34 kPa was substantially different among muscle, fat, and skin. Generally, the deformation of the skin % was smaller than that in fat % and muscle % for the selected sagittal piece of buttock-thigh. The deformation of the fat layer was relatively uniform, while the deformation of the muscle layer varied. In muscle layer, the closer to the ischial tuberosity, the more the deformation was. The maximum deformation was seen in the regions underneath the bony prominence of ischial tuberosity % . Fig. 8 shows a typical deformation pattern below the ischial tuberosity in the anterior-posterior direction on muscle along the proximal-distal direction. Fig. 9(A) shows the distribution of the internal pressure predicted by FE analysis. For all layers, higher compressive pressure was found in the PM area of the buttock covering the ischial tuberosity. The range of high compressive pressure was 65-80 kPa, 50-60 kPa, and 55-65 kPa, for skin, fat, and muscle, respectively, in the area close to the bony prominence of ischial tuberosity.
D. Internal Pressure and Von-Mises Stress Distribution
The pattern of the von-Mises stress distribution was, in general, similar to that of the pressure. Fig. 9(B) shows the distribution of the von-Mises stress for the entire buttock-thigh with the details of the results on the muscle close to the bony prominences. The range of high von-Mises stress was 50-80 kPa, 35-45 kPa, and 45-50 kPa, for skin, fat, and muscle, respectively.
IV. DISCUSSION AND CONCLUSION
The present study proposed an FE model for buttock-thigh in a sitting posture for evaluating sitting induced mechanical stress-strain in buttock-thigh soft tissues. The FE model was also validated through comparing the predicted soft tissue displacement with that measured from MRI images in the same loading condition. In addition, the validated FE model was used to predict the deformation and the von Mises stress distribution induced by a sitting load for soft tissues, including muscle, fat and skin in buttock-thigh area.
This study is one of the first approaches to develop a 3-D FE model of the buttock-thigh to study mechanical responses in the deep tissue subjected to sitting pressure with the consideration of an accurate anatomical geometry in an actual sitting joint configuration and realistic boundary conditions. The developed complicated and comprehensive 3-D FE model may also improve accuracy in analysis of mechanical responses compared with simple 2-D FE models developed previously [8] , [9] , [11] , [12] , [15] , [17] . Although 2-D FE analysis has the advantages of simplifying the steps of constructing an FE model and consuming less amount of CPU time for running the simulation, the performance, the usefulness, and the applicability are largely limited by the overly simplified geometry and the many assumptions on boundary and loading conditions. Many of the 2-D models represented the complicated structure of the buttocks using simple objects such as cylinder and sphere. However, the loading and boundary conditions and the geometry of the buttocks are so complicated that we should not expect accurate, or even close, estimation of the stress/strain distribution from 2-D FE analysis. Our 3-D FE buttock model presented in this manuscript faithfully maintained the complicated and comprehensive 3-D structure of the buttocks and the upper thighs.
In addition, the 3-D FE model is fine tuned with realistic boundary and initial loading conditions such as the skin tension in a sitting posture and the muscle tone. These features overcome the structural limitation of the 2-D models reported in the literatures and are expected to provide improved accuracy in predicting stress/strain distribution within the buttocks.
For the boundary condition of the FE model, the medial and the upper planes were constrained against the medial-lateral and the posterior-anterior motions, respectively. These boundary conditions were applied to the FE model based on the axisymmetric characteristic of the developed FE structure and to reduce the error induced by a rigid body motion. The buttock-thigh structure is actually irregular. The axisymmetric assumption may be, therefore, in disagreement with actual boundary condition of the buttock-thigh. The assumption may also affect the accuracy of the mechanical responses (i.e., shear stress) predicted by FE analysis. The assumption used in this study may be, however, well corresponded to actual boundary condition of the buttock-thigh. It is considered that the assumption is valid because it was determined based on the boundary conditions used in various literatures [9] , [11] , [18] related to the FE analysis of the buttock.
Although FE models have been developed fairly extensively for the study of pressure ulcers on the buttock [9] , [11] , [13] , [15] [16] [17] [18] [19] , most of them were development based on supine MRI images [13] , [18] , [20] . In a cadaver dissection and an MRI recording performed by the authors, we found that, when the hip was being flexed, the muscle, mainly the Maximus Gluteus which was seen in standing and supine posture covering over the ischial tuberosities, gradually slide laterally away from the bony prominence. This finding suggested that, in sitting posture (hip flexion of 90 ), the layered structure of buttock soft tissues changed substantially from that of a standing/supine posture. Therefore, to be a valid tool for evaluating sitting posture, a buttock FE model should be constructed using the anatomical geometry from a seated subject. To overcome the structural limitation caused by using supine MRI for a sitting FE model, Todd and Thacker [18] used adjusted material properties to represent a material characteristic of the soft-tissue of the buttock in a sitting posture. However, the FE model could not explain an alteration (e.g., movement, compressibility, or thickness variation) in muscular-skeletal structure caused by a posture change from supine to sitting. In their latest study, Linder-Ganz, et al. Therefore, by using the correct geometry of the sitting anatomy, the current FE model developed in this study may have the advantage over the previously reported models which were developed using supine anatomic structure. This advantage may translate to more reasonable results in further application of this model in study of pressure ulcers for patients who experience prolonged sitting pressure.
Serious skin breakdown in the spinal cord injury population has been reported most frequently over the ischial tuberosities [24] due to concentrated high pressure over bony prominences, which has been considered the most important etiologic factor in pressure ulcer formation in wheelchair users [7] . These facts favorably correspond to the results predicted from our FE analysis. Larger deformation, higher pressure and von-Mises stress on the soft tissues were generally shown in the regions below bony prominence of ischial tuberosity.
It has been concluded that muscle tissue is highly susceptible to localized compression [14] , [25] , eventually leading to tissue degeneration in the form of a deep pressure ulcer, which progresses towards the skin surface. This fact also found its strong evidence in our FE results showing that higher pressure and von-Mises stress occurring in the muscle layer.
Our validation result showed that the original tissue thickness and the reduction, which was induced by the sitting pressure, was identified from the MRI as generally higher than when compared with the FE analysis. We believe that the primary factor of the difference between the model prediction and the measurement on MRI images is the lack of an optimal material model and precise material properties in our FE analysis. First, human soft tissues are highly deformable and present apparent nonlinearity which can hardly be precisely described by current material models. By looking at the plot of the differences between the model prediction and the MRI measurements [ Fig. 7(C) ], it can be seen that at the locations where very large deformation was measured on MRI images, the difference was larger than that at other locations. Therefore, there appeared to be that, in the results of this study, the more deformation a location had, the more the FE analysis was away from the actual displacement. This trend suggested a possibility that the nonlinear material model used in the FE analysis did not follow well enough to the behavior of real soft tissues when large deformation presented. Second, it was difficult to measure directly the material properties of the actual human via in vivo test and to apply them into the FE model. Therefore, this study used the material properties obtained from literature, which most of the time were not from in vivo test on human bodies and sometimes were from animal tissues.
Therefore, the accuracy of the model prediction may be improved by incorporating a better material model and by applying more accurate material properties of actual human tissues into the FE model. However, these findings may support the fact that the developed FE model can explain actual tissue deformation patterns, particularly in the region immediately below the ischial tuberosity.
Our results of the internal pressure and von Mises stress distribution also support the theory that the highest stress occurred in the muscle immediately below the ischial tuberosity [8] , [9] , [11] , [13] , [17] , [18] . Chow and Odell [8] reported that the stress distribution was more severe at internal locations overlying bony prominences than on the surface of the buttocks. Dabnichki et al. [9] found maximum compressive stresses of 43-51 kPa close to the bony prominence depending on the surface conditions between the buttock and a sitting cushion. Todd and Thacker [18] reported von Mises stresses of 45-75 kPa and internal stress of approximately 74 kPa in the tissue surround the ischial tuberosity. Particularly, the von Mises stress values reported by Todd and Thacker [18] were in a close range of our von Mises stress range of 45-50 kPa within the muscle immediately below the ischial tuberosity. Oomens et al. [11] also found that the von Mises stress was highest immediately below bony prominences, reaching a value of 180 kPa. In an animal study, Linder-Ganz and Gefen [13] reported von Mises stresses of 150-290 kPa below the ischial tuberosity. However, in their later research on human subjects [23] , a much lower von Mises stresses (20-53 kPa) was reported. Kuroda and Akimoto [17] reported that the maximum stress of 4.0-7.6 kPa appeared at the region immediately below the ischial tuberosity depending on the interface conditions between hard (e.g., ischial tuberosity) and soft-tissue (e.g., muscle or fat). The stress values reported by Oomens et al. [11] , Linder-Ganz and Gefen [13] and Kuroda and Akimoto [17] were somewhat larger or smaller than those predicted from Dabnichki et al. [9] , Todd and Thacker [18] and our study, although the region experiencing the highest stress was the same. This may be due to differences of the configurations (e.g., material parameters and model types, loading and boundary conditions, morphological characteristics, etc.) applied to the FE models.
Todd and Thacker [18] and Dabnichki et al. [9] showed displacements of 12-18 mm and 15-18 mm on the skin of the buttock below the ischial tuberosity. Our result of displacement (approximately 18 mm) on the skin below the ischial tuberosity was highly comparable with these reported values. Using a rat model, Linder-Ganz and Gefen [13] reported the compressive strain between 3% and 9% within the muscles below the ischial tuberosity, which was supported by our data of 6%-12% within the muscle in the same area. However, in a later human subject study of Linder-Ganz, et al. [23] , a substantially higher compressive strain (70%-84%) was reported for the gluteus muscle, which was far from our findings and their previous data on rats. Obviously, more research is needed to elucidate these inconsistencies.
Our findings are also consistent with the well-accepted fact that larger deformation is generally seen on the region below the ischial tuberosity, i.e., the PM region defined in current study.
Some limitations may have contributed to the discrepancy of the predicted values of displacement from those obtained from the MRI. One such limitation could be the assumption of isotropy with passive characteristic for the muscle. Generally, muscle is considered an active material with transverse isotropy or orthotropy. The current FE model could be acceptable for the study of pressure ulcers because the assumption is in the range of the following generally allowable concepts: 1) the muscles of the buttock-thigh are in an ignorable active state in the sitting position, and 2) this FE model for the study of pressure ulcers is focused on the identification of material responses in the compressible direction (anterior-posterior direction). It can be assumed that the muscle fibers, which may generate an anisotropic characteristic of the material in tension, may not contribute much when being compressed. The recognition of the muscle tone in our FE simulation may also compensate partially for this limitation.
The current FE model was built based on the geometry and loading condition from a single subject which may limit its general application to evaluate sitting condition. Further work is being conducted in the authors' laboratory to build representative FE models for several typical populations who are concerned for sitting induced complications, such as individuals with spinal cord injury.
There is a limitation in the validation method. Measurement of displacement from MRI images was performed on sagittal images. In this way, it implied an assumption that the medial-lateral displacement is zero, which may not differ from the real scenario. The output of displacement from the FE model was calculated by the changes of the location of the FE nodes predicted by the simulation. Therefore, this prediction was in three dimensions. This omission of medial-lateral movement of soft tissues in MRI measurement may have contributed to the difference found between the FE model prediction and the MRI measurement. However, as the FE model predicted, the medial-lateral displacement of the FE nodes in PM region was significantly smaller than other parts of the buttocks. In this sense, the less consistency of these two methods has less influence on the PM region, where the ischial tuberosity is located.
This study suggests a validation methodology for a FE model to investigate pressure ulcers in the buttock and a possibility for the utilization of the validated FE model in a future pressure ulcer study. The FE model is the first model that recognizes a true joint configuration of the actual sitting posture representing the real morphology in sitting based on MRI images of the buttock-thigh. Considering the nonlinearity of the skin, fat and muscle makes this model possible to predict realistic mechanical behaviors of the buttock-thigh. In conclusion, this FE model may be a helpful tool for the study of pressure ulcers. Further improvements to overcome the current limitations of the FE model provide higher accuracy. Also, knowledge of the distribution of stresses and strains in deep tissue is essential for the development of effective method that could eliminate the formation of deep tissue injury and ulcers. Such knowledge is, however, currently lacking and the only clinical technique presently available for assessing compressive stresses in seated individuals, particularly in wheelchair dependent individuals, is based on the measurement of surface pressure on the skin of the buttock through the use of pressure mats. The proposed FE model may be, therefore, used in conjunction with surface pressure measurements to estimate the stresses and strains in the deep tissue, particularly at the interface between the bone and muscle. It may provide researchers and therapists with a powerful technique for evaluating the effectiveness of alterations of loading and boundary condition due to various postural modulations and rehabilitation interventions in preventing the formation of deep tissue ulcers.
